A large proportion of diarrhoeal illnesses in children in developing countries are ascribed to an unknown aetiology because the only available methods, such as microscopy and culture, have low sensitivity. This study was aimed at decreasing the diagnostic gap in diarrhoeal disease by the application of molecular techniques. Faecal samples from 158 children with and 99 children without diarrhoea in a hospital in South India were tested for enteric pathogens using conventional diagnostic methods (culture, microscopy and enzyme immunoassays) and molecular methods (six PCR-based assays). The additional use of molecular techniques increased identification to at least one aetiological agent in 76.5 % of diarrhoeal specimens, compared with 40.5 % using conventional methods. Rotavirus (43.3 %), enteropathogenic Escherichia coli (15.8 %), norovirus (15.8 %) and Cryptosporidium spp. (15.2 %) are currently the most common causes of diarrhoea in hospitalized children in Vellore, in contrast to a study conducted two decades earlier in the same hospital, where bacterial pathogens such as Shigella spp., Campylobacter spp. and enterotoxigenic E. coli were more prevalent. Molecular techniques significantly increased the detection rates of pathogens in children with diarrhoea, but a more intensive study, testing for a wider range of infectious agents and including more information on non-infectious causes of diarrhoea, is required to close the diagnostic gap in diarrhoeal disease.
INTRODUCTION
Diarrhoea is the cause of death in almost 23 % of Indian children who die before the age of 5 (Jones et al., 2006) . It is one of the most common childhood illnesses, with every child under 5 years of age in the developing world experiencing around three episodes of diarrhoea per year (Kosek et al., 2003) . In addition to the mortality and morbidity associated with diarrhoea as a dehydrating illness, chronic and recurrent diarrhoea in early childhood has been shown to have long-term effects such as stunting and developmental delays caused by poor nutrient absorption (Berkman et al., 2002) . Although more than 200 viral, bacterial and parasitic causes of diarrhoea have been identified to date, only a handful of aetiological agents cause the vast majority of diarrhoeal diseases in children in the developing world and include rotavirus, diarrhoeagenic Escherichia coli, Campylobacter jejuni, Shigella spp., nontyphoidal Salmonella, Giardia lamblia, Cryptosporidium spp. and Entamoeba histolytica (O'Ryan et al., 2005) . In earlier studies in developing countries, astrovirus, enteric adenovirus and calicivirus were also seen, but these had a lesser relative contribution due to higher rates of bacterial and parasitic infections (O'Ryan et al., 2005) . Identifying the enteric pathogens that contribute significantly to the causes of diarrhoea in children will help to provide an accurate and region-specific estimate of disease burden. Traditional methods to detect the aetiological agents of diarrhoea have ranged from microscopy and bacterial culture to immunoassays, and vary for each enteric pathogen. This has also resulted in a large proportion of samples being ascribed to an unknown aetiology. In contrast, PCR-based methods provide an easily performed, rapid and uniform method of testing for a wide range of pathogens. In this study, we aimed to use six sensitive PCR assays for common enteric pathogens to increase the detection of aetiological agents of diarrhoea in children in Vellore, India, thereby narrowing the diagnostic gap. Faecal samples from children with diarrhoea and from children presenting to hospital for reasons other than those related to the gastrointestinal tract were tested for a wide range of enteric pathogens using conventional techniques and six PCR assays.
METHODS
Study subjects. In this study, 158 children aged under 5 years admitted to hospital with diarrhoea between January and December 2003 were prospectively recruited into the study after obtaining informed consent from their parent/guardian. Diarrhoea was defined as the passage of three or more watery stools in a 24 h period. A minimum of two diarrhoea-free days was considered to delineate between two episodes of diarrhoea (Monica et al., 2007) . The severity of diarrhoea was assessed using the 20-point scale of the Vesikari scoring system (Ruuska & Vesikari, 1990) , which has been used in previous studies on hospitalized children (Kurugol et al., 2003; Kang et al., 2004) . Ninety-nine children aged 5 years or under admitted to the hospital for causes other than diarrhoea between July and September 2004 were included as controls. Stool samples were collected from the study subjects and transported immediately to the laboratory. The study was approved by the institutional review board.
Diagnostic methods. All stool samples were screened for stool parasites by light microscopy and for Cryptosporidium spp. by a modified acid-fast staining (Henriksen & Pohlenz, 1981) . Stool culture was carried out to identify the following bacterial pathogens: Salmonella spp., Shigella spp., Vibrio cholerae and enteropathogenic E. coli (EPEC). Samples were cultured on blood agar and selective media including sorbitol MacConkey agar, xylose lysine deoxycholate agar and thiosulphate citrate bile salts sucrose (TCBS) agar and incubated at 37 uC overnight. Samples were also inoculated in selenite F broth and alkaline peptone water for 18 and 4 h, respectively, for amplification of Salmonella and Vibrio spp. and subcultured on MacConkey agar and TCBS agar, respectively. For identification of EPEC, slide agglutination with antisera to common EPEC O antigens was carried out on eight to ten smooth, grey colonies on blood agar and lactose-fermenting colonies on MacConkey agar. All samples were also screened by ELISA for group A rotavirus (Rotavirus IDEIA; Bio-Rad). In addition, samples from children with diarrhoea were also screened for adenovirus and astrovirus (Ridascreen; RBiopharm) and for enterohaemorrhagic E. coli (EHEC) verotoxin by ELISA (Ridascreen; R-Biopharm).
Molecular methods. Nucleic acid was extracted from faecal samples using the method of Boom et al. (1990) for RNA and using a QIAamp DNA Stool Mini kit for DNA (Qiagen). The RNA extracts were reverse transcribed and the cDNA and DNA were both stored at 220 uC until further testing. PCRs were then carried out for cases and controls for the following pathogens, using previously published primers and protocols (Table 1) : rotavirus, norovirus (genogroups 1 and 2), Campylobacter spp. (coli and jejuni), Cryptosporidium spp. and diarrhoeagenic E. coli, which included EPEC, EHEC, enteroinvasive E. coli (EIEC), diffusely adherent E. coli (DAEC), enteroaggregative E. coli (EAEC) and enterotoxigenic E. coli (ETEC).
Statistical analysis. All laboratory data were entered in an Excel spreadsheet and analysis was carried out using SPSS 12.0 for Windows. Analysis was primarily descriptive and x 2 tests were used to compare the conventional and molecular methods for detection of pathogens. For analysis of the severity of diarrhoea, Vesikari scores were classified as mild, moderate or severe (Ruuska & Vesikari, 1990) , and the number of children with mild and moderate diarrhoea was compared with the number of children with severe diarrhoea using Fisher's exact test.
RESULTS AND DISCUSSION
Among the 158 children with diarrhoea, 76.5 % (121/158) had at least one aetiological agent when both conventional and molecular methods were employed, compared with only 40.5 % (64/158) when only conventional methods were used. Rotavirus (43.3 %) was the most common cause of diarrhoea, followed by EPEC (15.8 %), norovirus (15.8 %) and Cryptosporidium spp. (15.2 %) when results from both conventional methods and molecular methods were collated. The distribution of the other aetiological agents identified in children with and without diarrhoea is listed in Table 2 . A larger proportion of children with diarrhoea had at least one viral (53.2 %, 84/158) aetiological agent identified in their stool sample, when compared with bacterial (30.4 %, 48/158) or parasitic (17.1 %, 27/ 158) agents.
When conventional and molecular methods were compared for the detection of individual pathogens such as rotavirus and Cryptosporidium spp. among the children with diarrhoea, it was found that the detection rates were significantly higher when molecular methods were applied (43.3 % and 15.2 %, respectively) compared with the use of conventional methods alone (25.3 % and 4.4 %, respectively) (P ,0.001). The increase in detected cases of rotaviral diarrhoea due to the increased sensitivity of PCR over ELISA has been demonstrated previously (Husain et al., 1995; Buesa et al., 1996) . The limit of detection of rotavirus by ELISA, defined as 7.8610 5 viral particles (ml stool) 21 by the manufacturer, is also lower than that of PCR, which has been determined to be in the range of 10 4 -10 5 p.f.u. ml 21 (DiStefano et al., 2005) . However, among the 40 rotavirus ELISA-positive cases, nine were PCR-negative. This could be attributed to false positivity by ELISA (Kang et al., 2004) or to degradation of viral RNA in stool samples during storage. The ELISA was carried out on fresh stool samples, whereas the extraction method of Boom et al. (1990) and PCR were carried out in batches on stored samples. In EPEC-positive cases, none of the samples were positive by the conventional method of O-antigen typing of coliform colonies from stool culture, but a large number (25/158, 15.8 %) were detected by PCR for the eae gene, of which 18 were also positive by PCR for the bfp gene. However, for EHEC, 2.5 % of cases were positive by ELISA, with only a 1.9 % increment when PCR was applied, with no overlap of cases detected by each method. The poor sensitivity of the multiplex PCR for EHEC could possibly also have been due to deterioration of DNA during storage, although this was not seen for EPEC. The time of testing and storage should be taken into account when planning future studies where a combination of conventional culture or ELISA and molecular techniques, such as PCR, may be required to identify aetiological agents, as the sensitivity of these methods depends on rapidity of testing and appropriate storage.
The combination of molecular and conventional methods considerably increased the number of mixed infections (two or more pathogens) identified in diarrhoeal samples to 31.6 % (50/158). Of the 158 children, 61 were found to be infected with one pathogen and only three were identified as being infected with two pathogens when conventional methods alone were used. When molecular techniques alone were considered, 69 children had one pathogen identified, 30 had two pathogens identified and 10 had three or more pathogens identified. However, among the children identified as having only one pathogen, 12 samples were positive by a conventional ELISA test only (two EHEC, five adenoviral and five rotaviral infections). Among the children with more than one aetiological agent, 25 were infected with a combination of viral and bacterial agents, five with bacterial and parasitic agents, and nine with viral and parasitic agents. The most frequently occurring co-infections seen among children with diarrhoea were due to a combination of rotavirus together with norovirus (8.9 %), EPEC (4.4 %), ETEC (3.7 %) or Campylobacter spp. (3.2 %). High rates of co-infection with EPEC and ETEC in rotaviral diarrhoea have also been reported by other workers.
Among the rotavirus-positive cases, the number of children with mild and moderate or severe diarrhoea was compared in cases that were PCR-positive but ELISA-negative and cases that were both ELISA-and PCR-positive using the Vesikari scores and there was no significant difference (Fisher's exact test, P50.525). Scores were available for 45 of the 58 children (30/58 were both ELISA-and PCRpositive, and 28 were PCR-positive but ELISA-negative). A similar comparison of nine ELISA-positive but PCRnegative cases with the 30 cases for whom both ELISA and PCR were positive also showed no significant difference (P50.52, Fisher's exact test; data for 31/39 ELISA-positive). Other workers have, however, identified differences in severity of diarrhoea based on ELISA or PCR positivity (Pang et al., 1999) . In this study, there was also no significant difference in the number of children with mild, moderate or severe diarrhoea when children infected with a single pathogen were compared with those with multiple pathogens (P50.075).
The study demonstrated a 27.7 % occurrence of asymptomatic enteric infections in children without diarrhoea when the results of both conventional and molecular tests were combined. The most common asymptomatic infections detected among the children without diarrhoea were due to rotavirus (10.1 %), norovirus (7 %) and ETEC (5.2 %). Only five children had more than one pathogen detected. Among the 99 controls, 87 samples were available for rotavirus PCR and six were found to be positive. Among the 87 samples tested, two were ELISA-positive but PCR-negative. The application of PCR resulted in only a slight increase in the numbers of asymptomatic rotaviral infections detected (from four by ELISA to six by PCR) compared with cases of symptomatic infections (from 40 by ELISA to 58 by PCR), supporting the higher sensitivity of PCR, but also indicating that the increased rates of detection by PCR are not solely due to identification of rotavirus infection not associated with disease. Levine (2006) stated that the comparison of isolation rates of specific agents from cases versus controls allows one to calculate a 'pathogenicity index' (Table 3) . Comparison of prevalence rates in children with and without diarrhoea for pathogens that had been tested for in both groups allowed an estimation of pathogenicity indices in this study.
Cryptosporidium spp. and EPEC had the highest pathogenicity indices of 7.9 and 7.6, respectively, followed by rotavirus with an index of 4.3. It was also of interest to note that, although both typical (18/25) and atypical (7/25) EPEC (defined as the presence or absence of the bfp gene encoding the EAF plasmid; Nataro & Kaper, 1998) were seen among the cases with diarrhoea, asymptomatic infections were associated only with atypical EPEC (2/2). However, another study found atypical EPEC to be more common than typical EPEC among cases of sporadic diarrhoea in Indian children (Wani et al., 2006) . This indicates that the virulence determinants of EPEC strains have to be re-examined, especially for possible geographical variations.
When results from our study were compared with those from a previous study conducted two decades earlier (1983) (1984) (1985) in the same hospital (Mathew et al., 1991) , there were significant changes among the pathogens most commonly associated with diarrhoea. In the previous study, which used conventional culture methods for bacterial pathogens, Shigella spp. (19.7 %), Campylobacter spp. (15.2 %) and ETEC (14.4 %) were most frequently associated with diarrhoea in children. In the present study, these pathogens together accounted for only 12.0 % of diarrhoeal episodes (19/158). Although rotavirus (17.8 %) was a common cause of diarrhoea in the previous study, our study documented an increase to 43.3 %. When pathogenicity indices were compared in the two studies, only rotavirus was also associated with diarrhoea in the previous study, with a pathogenicity index of 14.8. This change in trends and aetiology highlights the need to monitor the prevalence of pathogen-specific infection and disease over time. In addition, the availability of new molecular tools permits easier identification of these pathogens for which cumbersome and technically demanding assays were previously required. However, in spite of the application of six PCR assays, no aetiological agent was identified in 23.4 % of diarrhoeal samples. This gap is comparable to another study in the UK (Amar et al., 2007) , where the application of PCR reduced the diarrhoea diagnostic gap from 49 to 25 %, and other studies in Denmark where a diarrhoeal pathogen was detected in 54 % of all cases using molecular methods (Olesen et al., 2005) . Our study is also similar to other case-control studies where viral aetiology was more common than bacterial or parasitic and where a high prevalence of multiple infections was detected (Olesen et al., 2005; Amar et al., 2007) .
One of the limitations of this study was the fact that only a few organisms (rotavirus, EHEC and Cryptosporidium spp.) were included in the comparison of conventional and molecular tests. Further studies with a wider array of tests are required to assess the performance of these newer molecular tests. On the other hand, the application of highly sensitive molecular tests resulted in the detection of a large number of asymptomatic infections among the controls. In the absence of symptoms, it is difficult to determine their significance in the context of hospitalized children. Some of the bacterial pathogens, such as Campylobacter spp., EIEC, ETEC and DAEC, were prevalent among the controls at rates almost as high as among the diarrhoeal cases. However, a high rate of asymptomatic infection has been demonstrated in many previous studies in developing countries, and this study actually showed a greater than 20 % decrease when compared with the previous study in this setting (Mathew et al., 1991) .
In conclusion, the molecular methods applied in this study reduced the number of diarrhoeal samples in which no putative enteric pathogens were detected from 59.5 to 23.4 %, thereby improving our understanding of the aetiology of infectious diarrhoea in this part of the world. Future larger-scale studies with more assays and community-based studies will permit a clearer understanding of the aetiology of diarrhoea in children in developing countries, *Pathogenicity index for specific pathogen5% in cases/% in controls.
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